Abstract Skewed adult sex ratio (ASR) has been proposed as a common pattern in birds, frequently biased towards males and with larger biases in globally threatened species. In albatrosses and petrels, it has been suggested that differential mortality of one gender in fisheries is caused either by sexual size dimorphism giving males a competitive advantage, which allows more access of the larger sex (i.e. males) to discards and/or baits, or to at sea segregation of sexes. Here, we tested these hypotheses by determining ASRs in albatrosses and petrels trapped at sea when attending longline fishing vessels for discards in the southwestern Atlantic Ocean, and searched in the literature for patterns in ASR in albatrosses and petrels killed by fisheries in this area and elsewhere. We show that skewed ASR is common in albatrosses and petrels in the community attending vessels for discards, confirming results found for birds in general. There was no correlation between skewed ASR and conservation status, or between ASR and sexual size dimorphism. Our review of the sex of birds incidentally killed in fisheries found skewed ASR toward males, females or parity to be equally reported. Thus, sexual dimorphism in size does not explain skewed ASR in the community we sampled or in incidental captures in fisheries in the review. Differential at-sea distribution of sexes appears to be a better explanation of the patterns found in the community sampled at sea as well as skewed ASR in seabird fatalities, particularly distant from breeding areas.
Introduction
Sex ratio in birds has received much attention from researchers, often studied at primary (at hatching) and secondary (at fledgling) levels, while tertiary level or adult sex ratio (ASR) is far less known (Mayr 1939; Donald 2007; Becker et al. 2008) . In a recent review, Donald (2007) emphasized that many questions posed by Mayr (1939) remain unanswered, and reported that skewed ASRs are common in wild bird populations (65% of studies), with males outnumbering females by around 33% on average despite offspring sex ratio not differing from parity. An emerging pattern from Donald's review was that globally threatened species are more prone to distortion in ASR, with profound implications for conservation. Procellariiformes (albatrosses, petrels, shearwaters) are a particularly suitable group for testing this latter hypothesis because they are monogamous, extreme k-strategist species (i.e. long-lived with low fecundity and low adult mortality), occur in multi-species flocks, and include several threatened and non-threatened species (Marchant and Higgins 1990; Tickell 2000; Brooke 2004 ).
Unbalanced ASR resulting from skewed mortality impacts on fecundity by reducing effective population size, an effect that persists long after biased mortality ceases in albatrosses (Mills and Ryan 2005) . In Wandering Albatross (Diomedea exulans), skewed primary and secondary sex ratios towards males were balanced at recruitment age due to higher mortality of immature males, but again biased towards males at adulthood by a slightly higher mortality of females . The higher adult mortality of females is associated with different at sea distribution, males occupying Antarctic waters (50-60°S) while females are mainly found in subtropical waters (35-45°S) and overlap more extensively with fisheries (Weimerskirch and Jouventin 1987; Croxall and Prince 1990) .
Several studies have reported ASRs of albatrosses and petrels incidentally captured in fisheries, with some reporting skewed ASR towards males (e.g. Ryan and BoixHinzen 1999; Nel et al. 2002) , some towards females (e.g. Bartle 1990; Roma 2009 ), variable asymmetry towards either gender, or not differing from parity (e.g. Gales et al. 1998; Gandini and Frere 2006) . Reasons for biased sex ratios in fisheries fatalities have been suggested, but not specifically tested. Hypotheses for the discrepancies include different at sea distributions of males and females, and differential access to feeding resources (baits and discards) due to sexual size dimorphism, differential aggressiveness and manoeuvrability. The access to natural food or discard from fisheries is related to body size among seabird species (Hudson and Furness 1988; Ballance et al. 1997 ), thus we hypothesised that, if sexual dimorphism also plays a role in determining ASRs in fishery fatalities (see Ryan and Boix-Hinzen 1999; Nel et al. 2002) , ASR will deviate more from parity in species with marked dimorphism, and be similar in closely related species.
In this study, we determined the ASRs and sexual size dimorphism (from Bugoni and Furness 2009) in a number of albatross and petrel species associated with longline fisheries in Brazilian waters. In addition, we reviewed ASRs in Procellariiformes incidentally captured in fisheries in the study area and around the globe. The aims of the study were: (1) to determine if there is a pattern in ASR towards males or females in different species attending longliners in the southwestern (SW) Atlantic Ocean; (2) to determine if ASR will deviate more from parity in species with marked dimorphism, and are similar in phylogenetically closely related species; (3) to search for patterns in ASR by species and proximity with breeding grounds; and (4) to test the hypothesis of threatened species being more prone to asymmetry in sex ratio. Whether ASR is more common in threatened species than non-threatened (Donald 2007) , we expected to find correlation between the degree of distortion in ASR and the population size, as well as a pattern when comparing closely related species (pairs within the same genus-Thalassarche spp. and Procellaria spp.) within the same Red List category, but populations with different orders of magnitude.
To better understand seabirds bycatch in the study area, we compared sex ratios of birds trapped at sea when attending longline vessels, with sex ratios of birds incidentally killed in the pelagic longline fisheries (same type of vessels), in the same area, years and seasons provided by Roma (2009) .
Methods

Study area and seabird sampling
Albatrosses and petrels (n = 258) were attracted close to the vessel using fishing baits and offal (shark liver) and captured non-destructively using a cast net (Bugoni et al. 2008b) . Seabirds usually attend fishing vessels in the area to scavenge on baits and waste. Vessels were targeting tuna (Thunnus spp.), sharks (mainly Blue Shark Prionace glauca) and Swordfish (Xiphias gladius) through a range of hook-and-line and pelagic longline fishing methods as described by Bugoni et al. (2008c) . This fleet operates in deep waters over the continental shelf and in offshore waters in southern Brazil throughout the year (Mayer and Andrade 2005) in the region under the influence of the Subtropical Convergence (Garcia 1998 (Fig. 1 ).
Molecular sexing
Blood samples (1 mL) were taken by syringe and needle from the tarsal vein of every bird. Subsamples of blood were stored in 1.5-mL vials with absolute ethanol. Sexing of birds was carried out after DNA extraction and PCR amplification of CHD genes using primers 2550F Fig. 1 Locations in the southwestern Atlantic Ocean where albatrosses and petrels attending longline vessels for discards were captured with cast nets and blood-sampled for sex determination. A single location usually represents several sampled birds (Fridolfsson and Ellegren 1999) and 2757R (R. Griffiths, unpublished; Bugoni and Furness 2009) and genes separated in 2% agarose gel by electrophoresis. DNA extraction negative controls were included for every 23 seabird samples. Positive and negative controls were included for each PCR reaction. One-third of all DNA extractions were repeated to confirm gender assignment. Furthermore, we used samples of previously sexed birds as controls: one male Atlantic Yellow-nosed Albatross (Thalassarche chlororhynchos) killed in a fishery and sex determined by necropsy, and four male and female Wandering Albatrosses of known sex from observations at the breeding colony (A. Wood and R.A. Phillips, British Antarctic Survey, personal communication).
Data analysis
ASR deviations from the expected proportion of 1:1 were tested by v 2 test with Yates' correction for continuity due to only one degree of freedom (Fowler et al. 1998) . Trapping methods of birds can bias estimates of ASR (Domènech and Senar 1998) . However, Procellariiformes studied here are sexually monomorphic in plumage, thus we were unable to visually detect any sex difference during captures and assumed that samples were representative of the population attending fishing vessels.
Sexual size dimorphism was calculated from biometric measurements of sexed birds in Bugoni and Furness (2009) . The percentage of dimorphism between sexes in each trait was calculated as:
where x m and x f are mean values for males and females, respectively (Copello et al. 2006 ). We calculated dimorphism percentages for culmen, wing and tarsus lengths, and pooled the three percentages in a single dimorphism index for each species by calculating the average of these values. Tail and body mass were not used because we found the former a poor descriptor of dimorphism (Bugoni and Furness 2009) , while the latter is very variable according to the status of birds (Croxall 1995) . Species included in the analyses attended fishing vessels for discards and most had been previously recorded to be incidentally captured in longline fisheries in the area (Bugoni et al. 2008a (Bugoni et al. , 2008c .
Values of population size of seabird species to be correlated with degree of ASR was obtained from the literature, taking into account the origin of birds found in SW Atlantic Ocean: Black-browed Albatross Thalassarche melanophris from Falkland Islands; White-chinned Petrel Procellaria aequinoctialis from South Georgia; Atlantic Yellow-nosed Albatross, Great Shearwaters Puffinus gravis, and Spectacled Petrels Procellaria conspicillata from Tristan da Cunha Islands; and Cape Petrel Daption capense, the global population as the origin of SW Atlantic birds is unknown and there is no estimate for the Atlantic Sector (D. c. capense). Conservation status follows categories proposed by IUCN (2009), with levels of threat in increasing order: least concern, near-threatened, vulnerable, endangered and critically endangered.
Results
All birds (n = 258) from the six species studied here, i.e. Atlantic Yellow-nosed Albatross, Black-browed Albatross, White-chinned Petrel, Spectacled Petrel, Great Shearwater and Cape Petrel, plus 41 individuals from eight other petrel and albatross species were successfully sexed using PCR methods, with no discrepancy between controls and replicates, confirming the reliability of the PCR-based method and primers for sexing Procellariiformes.
Three species (Atlantic Yellow-nosed Albatross, Whitechinned Petrel and Great Shearwater) had ASR not deviating from parity, while three species had biased ASR: Black-browed Albatross towards females, Cape Petrel and Spectacled Petrel towards males (Table 1) .
Cape Petrel and Great Shearwater are species not threatened by extinction, and only the former species had skewed ASR (towards males). Amongst the remaining species, two had even ASR, while one had skewed ASR towards females and one towards males. Pairs of threatened species phylogenetically closely related (Thalassarche albatrosses and Procellaria petrels) showed contrasting results: one species of each pair with skewed ASR (Table 1) . Average sexual size dimorphism varied from 1.3% in Great Shearwater to 4.1% in Spectacled Petrel, with larger males in all species (Table 2 ). The degree of sexual dimorphism was not correlated with the level of asymmetry in ASR or with the population size (Spearman correlation coefficient r s = 0.6, P = 0.2, n = 6, r s = -0.3, P = 0.5, n = 6, respectively) ( Table 1) .
Eighteen published studies reported ASR of eight albatrosses, four petrels and one shearwater species captured in bottom and pelagic longline fisheries (Table 3 ). Studies have frequently tested for ASR in several species or carried out stratified analysis by season and area. Skewed ASR in Procellariiformes was reported more frequently than parity (v Yates 2 = 4.33, P = 0.04), but considering the three possible results, males were reported 36%, females 26% and parity 38%, thus no tendency was found towards any gender or parity to be reported more frequently (v 2 2 = 1.17 P = 0.56).
Discussion
In the present study, we showed skewed ASR in a number of species of albatrosses and petrels associated with longliners operating in Brazilian waters and offshore. However, our results failed to demonstrate an association between skewed ASR and conservation status, both in terms of population size or level of threat, as suggested by Donald (2007) . Determination of ASR may be subject to a number of biases (Donald 2007) , but sampling and determining sex of a range of species occurring simultaneously in the same area using the same method appear to be adequate to test the hypothesis proposed by Donald (2007) and propose alternative ones, such as differential distribution and sexual size dimorphism.
Sexual size dimorphism also failed to explain why pairs of closely related species (White-chinned and Spectacled Petrels, Atlantic Yellow-nosed and Black-browed Albatrosses) have contrasting sex ratios. Furthermore, while we found unbiased sex ratio for the White-chinned Petrels captured non-destructively, Roma (2009) found more females being killed in the pelagic longline fishery in the same area, during the same period and seasons. Whether the large males have a preference in access to baits, as occurs with larger species to discards in this fishery and others (Hudson and Furness 1988; Votier et al. 2004) , and as postulated to explain male-biased mortality around colonies (e.g. Ryan and Boix-Hinzen 1999; Nel et al. 2002) , one would expect biased mortality toward males in the SW Atlantic Ocean, or at the least a result similar to the proportion of sexes in the area. For Black-browed Albatross in this area, both incidental mortality and our sampling were biased toward females. Explanation for this pattern of female bias could be the predominance of females in the area. Because Black-browed Albatross juveniles predominated both in bycatch (Roma 2009 ) and our samples (Bugoni and Furness 2009) , it could be argued that there is no sex-related hierarchy due to similar aggressiveness between sexes at this life stage. However, if this is true, and there is a similar proportion of both sexes in the area, one would expect to find unbiased sex ratios in Roma (2009) and the present study, again supporting the hypothesis of differential distribution of sexes at sea.
Sexual size dimorphism was not correlated with the degree in ASR, thus both sexes seem to have similar access to baits and discards, even in species with more marked dimorphism in size. The hierarchy in access to discards in seabird communities is based on body size (Ballance et al. 1997; Barnes et al. 1997) , and this is also clear in our study area, where the preferential access to feeding discards is Diomedea [ Thalassarche/Macronectes [ Procellaria [ Puffinus [ Daption/Fulmarus (authors' personal observations). However, it is probable that the magnitude of the intraspecific sexual size dimorphism in this community, and in the access to hooked baits elsewhere (see below), is not large enough to account for a male dominancy in the species studied here. On the other hand, the dimorphism could have implications in the different access to baited hooks while sinking underwater for diving species such as Puffinus shearwaters or Procellaria petrels.
There was no pattern of skewed mortality towards males in the range of ASR mortality reported in the literature, with parity, male bias and female bias being equally reported. Male-biased mortality of White-chinned Petrel, Grey-headed (Thalassarche chrysostoma) and Indian Yellow-nosed (Thalassarche carteri) Albatrosses reported by Ryan and Boix-Hinzen (1999) and confirmed with a larger dataset for these species plus Grey Petrel (Procellaria cinerea) (Nel et al. 2002) was recorded in longline fisheries around Prince Edward Islands, where these species breed. As central-place foragers, both males and females should return to the nest for incubation or chick rearing, thus both sexes are obliged to stay around the colony. Results differed in other studies with these species (Table 3) on mortality in fisheries within the foraging range of breeding birds, such as in New Zealand and Australia (Bartle 1990; Murray et al. 1993 ; Gales et al. 1998), suggesting that the larger size of males or higher male aggressiveness do not play an important role. The most detailed study (Gales et al. 1998) tested for ASR in different areas and seasons and found that some species are skewed during one season or in one area but show even ASR in other areas or seasons. Those species analysed in several studies (e.g. White-chinned Petrel, Black-browed Albatross) showed biased ASR towards males, towards females and no bias according to season or area. Furthermore, the mortality in longline fisheries of the Black-browed Albatross from the Falkland Islands population is unbiased within the foraging range of breeding birds (Gandini and Frere 2006; Reid et al. 2004; Seco-Pon et al. 2007 ), but female-biased further north off the Brazilian coast in longline catches (Neves and Olmos 1998; Roma 2009 ) and attending longliners for discards (this study), indicating the role of differential distribution of sexes outside foraging range of breeding areas. The Whitechinned Petrel, a species frequently killed in fisheries in several areas, also seems to have skewed male-biased mortality in fisheries around breeding colonies as mentioned above (see also Delord et al. 2005 around Crozet and Kerguelen Islands), but not confirmed by Gandini and Frere (2006) and Seco-Pon et al. (2007) , while in the wintering grounds, it is female-biased or has even ASR (Neves and Olmos 1998; Roma 2009; current study) .
Further studies comparing ASR around the breeding grounds and in the wintering grounds are warranted. An alternative hypothesis to explain ASR in longline fatalities is diffential at-sea distribution of males and females. Sexual segregation in foraging areas of seabirds during the breeding period has been clearly demonstrated in some Procellariiformes, such as Southern Giant Petrel and Northern Giant Petrel (Macronectes halli) (González-Solís et al. 2008) , Black-browed and Greyheaded Albatrosses , and Southern Buller's Albatross (Thalassarche bulleri) (Stahl and Sagar 2000a) , and suggested in other studies (Bartle 1990; Shaffer et al. 2001; Weimerskirch et al. 2005) . Moreover, differential at-sea distribution during the wintering periods have been argued as responsible for sex biases in albatrosses and petrels washed ashore (Holmes 1981) or driven inland by storms (Bugoni et al. 2007 ), yet not demonstrated in some species or populations (e.g. Anderson et al. 1998; Stahl and Sagar 2000b) .
Studies on other seabirds (including gulls, terns, penguins, auks and cormorants) suggest that males and females share foraging areas, but show niche segregation in other dimensions such as foraging depth and prey size (e.g. Wernham et al. 2002; Phillips et al. 2004 and references therein). Albatrosses, petrels and shearwaters disperse over vast areas far from the breeding grounds, which could play a role in explaining sexual and age-related at-sea segregation, both by competitive exclusion or habitat specialisation. Differential distribution could be an important factor in skewed ASR in albatross and petrel communities and in samples of birds captured in longline fisheries.
Differential mortality of one gender is of serious conservation concern for threatened seabirds such as albatrosses (Mills and Ryan 2005) , of which 19 out of 21 
